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20% N-methylformamide (NMF) mixtures with water and with dimethylsulfoxide (DMSO) have been
studied. A comparison between the hydrogen bonding (H-bond) donation of N-methylformamide with
both solvents in the mixtures is presented. Results of radial distribution functions, pair distribution ener-
gies, molecular dipole moment correlation, and geometry of the H-bonded species in each case are
shown. The results indicate that the NMF – solvent H-bond is signiﬁcantly stronger with DMSO than with
water. The solvation shell is best organized in the DMSO mixture than in the aqueous one.
 2013 Published by Elsevier B.V.1. Introduction
Functional proteins seem to be so singularly adapted to the
aqueous medium that the surrounding water was historically con-
sidered as a critical pre-requisite for the enzymatic activity [1,2].
Water molecules play an important role either directly in the reac-
tion itself or indirectly through providing a solvation medium for
reactants, transition states, and products [3,4]. In the past decade,
however, experiments showed that enzymes are able to maintain
its structure and activity in some organic solvents [5]. The possibil-
ity of enzymes to keep the activity in non-aqueous media is very
auspicious on account of the substantial implications regarding
basic enzyme science as well as a variety of potential applications
[6–8]. Because of that, enzymology in non-aqueous media has
received a great deal of attention and many of the facts inﬂuencing
the behavior of enzymes in nonaqueous solvents are now known
[9–11].
Protein stabilizers are thought to be excluded from the protein
surface due to their enhanced solubility in water, keeping the
hydration layer unaltered or altering it slightly [12]. Proteins dis-
solved in pure DMSO cannot exhibit functional activity because
they become unable to adopt the native structure [13]. Experimen-
tal results suggest that DMSO denatures folded proteins by exclud-
ing water molecules from the protein surface [14]. However, DMSO
is a particular molecule that can either act as a denaturant at high
concentrations [15] or as a stabilizer at low concentrations [16].
Results strongly suggest that the role played for DMSO in the pep-
tides stabilization depends on the hydrophilicity or amphiphilicity
of the peptide [17]. Neutron diffraction studies showed that DMSOElsevier B.V.
Cordeiro).as a co-solvent disrupted the contacts between water and the car-
bonyl group of the N-acetyl-leucine-methylamide [17].
Recently a couple of studies have been performed in the ISIS
Facility Laboratory of the RAL aiming to contribute for the under-
standing of the inﬂuence of the DMSO in the protein functioning
[17–20]. The methodology used (neutron diffraction with EPSR
simulation) has shown too much acuteness to detail the liquid
structure [21–23]. Due to the intrinsic difﬁculties associated to
the experimental structural investigation of dissolved proteins
[24], molecular simulation methods arise as powerful tools to
investigate molecular interactions, reaction mechanisms, and
dynamics of molecular solvation. Computer simulations with sol-
vents other than water will allow for greater comprehension of
the role of the solvent on the protein conformation. Those tech-
niques can be very useful for a better understanding of the protein
conformational changes induced from varying the molecular envi-
ronment and its ability to form hydrogen bonds. The molecular
size, however, is a serious obstacle for the computational calcula-
tions, considering the great computational effort required to the
simulation of such a system [25]. Because of that, approaches using
methods like QM/MM [26] and implicit solvation [25] are used as a
manner of minimizing the problems related to the size of the sys-
tems. However, depending on the interest, it is more suitable to use
simpler models to investigate the behavior of a particular pattern
and extending the knowledge acquired to inform about the ‘real’
system behavior. The insights given by computer simulations can
be very useful in the interpretation of the molecular interactions,
since diffraction experiments for molecular liquids present strong
interference of scattered waves, because of the presence of many
scattering centers in polyatomic molecules as well as in the neigh-
borhood of molecules in condensed phase [27,28]. In the present
work we are comparing the characteristics of the donor H-bond
of NMF with water and dimethylsulfoxide (DMSO) in 20% NMF
mixtures, aiming to contribute for the understanding of the com-
A. Borges, J.M.M. Cordeiro / Chemical Physics Letters 565 (2013) 40–44 41petition of the two solvents for the peptide donor H-bond. The re-
sults shown for the NMF–water mixture were obtained by new
Monte Carlo simulations, while the results for the NMF–DMSO
mixture were obtained previously using EPSR methodology and
have been subject of a recent report [20]. The characteristics of
the pure liquids NMF and DMSO has been investigated recently,
using as theoretical as experimental techniques [29–35]. Water is
an over abundantly investigated liquid with hundreds of published
papers, which excuses references in the present context. The NMF–
DMSO interactions have been investigated in the course of the
above mentioned investigation [19,20], while the NMF–water
interactions have also been object of interest [36–38]. Studies of
aqueous solutions of other amides can be found in the literature.
In particular a recent study of aqueous mixtures of the cis isomer
of NMF, which has little interest for us since just 4–6% of the
NMF molecules in the gas or liquid phases are cis [39].
The Letter is organized as follow: In Section 2 is described the
potential models used in this work and made a summary of the
MC simulations. In Section 3 the results obtained are shown and
discussed, and we conclude in Section 4 with a summary of the
main ﬁndings.
2. Methodology
2.1. NMF and water molecular models and intermolecular potential
function
An OPLS-aa type potential previously optimized in our labora-
tory was used for NMF [30] and the TIP4P model [40,41] for water.
The molecular geometries used were also reported previously
[30,40]. The liquids were simulated as rigid molecules, therefore
contributions from intramolecular relaxation effects were not con-
sidered, an approach usually used in simulations of molecular
liquids.
Following usual procedures in force ﬁeld calculations, the mol-
ecules were modeled by collections of interacting sites and the en-
ergy Eab between molecules a and b, represented by a sum of
Coulomb and Lennard Jones potentials centered on the sites:
Eab ¼
X
ij
Aij
r12ij
 Bij
r6ij
þ qiqj
rij
" #
ð1Þ
where rij is the distance between site i in a and site j in b and qi and
qj are fractional charges located on the i and j molecular sites. For
each site k, the parameters Akk and Bkk were given by Akk ¼ 4ekr12k
and Bkk ¼ 4ekr6k, where ek and rk are the Lennard–Jones parameters
for the kth site. Parameters Aij and Bij for non-diagonal interactions
[i,j] were obtained using the geometric combining rules
Aij ¼ ðAiiAjjÞ1=2 and Bij ¼ ðBiiBjjÞ1=2 [42]. Details on the methodology
used for studying the NMF–DMSO mixture can be found in a recent
report [19].
2.2. Monte Carlo simulations
The NMF–water simulations were carried out in the NPT ensem-
ble at 298 K and 1 atm, with Metropolis importance sampling and
periodic boundary conditions [42] on systems consisting of a cubic
box containing 100 molecules of NMF and 400 molecules of the
respective solvent. In the calculation of the total conﬁgurational
energy using Eq. (1), a full intermolecular interaction was consid-
ered whenever the rij site-to-site distance gets inside a cutoff ra-
dius of 11 Å. Long-range interactions were not considered
beyond the cutoff radius based in classical arguments [43]. It is
proﬁtable to remember that the molecular potential parameters
are effective pair potentials, optimized at the same computational
conditions of the simulations themselves. Therefore, they are akind of mean force parameters that carry out in information on
Coulombic long range corrections, many-body effects, molecule
polarization and so on. The use of methodologies to compensate
these interactions, like Ewald summation for example, does not
introduce any gain in the results [44]. In good agreement with this
approach, it has been reported that site–site pair correlations, ther-
modynamic properties and single particle dynamics of polar liq-
uids appear to be quite insensitive to the long range forces in the
system [45].
Starting from the initial distribution of molecules in the central
box, new conﬁgurations were generated by randomly translating
and rotating a randomly chosen molecule along Cartesian co-ordi-
nates. As the calculations were carried out in the NPT ensemble,
new conﬁgurations were also generated through volume changes.
A volume movement was tried on every 500th attempted molecu-
lar move. After volume changes, the coordinates of the center of
the mass of all molecules in the reference box were scaled in the
usual way [42]. Ranges for translating and rotating the molecules
and for volume moves were adjusted to yield an acceptance/trial
ratio between 0.40 and 0.45 for new conﬁgurations. Each calcula-
tion started with an equilibration phase with 2.4  107 conﬁgura-
tions and the averages were then obtained after a new segment
with other 2.4  107 conﬁgurations. Statistical uncertainties were
calculated from separate averages over blocks of 2  105
conﬁgurations.3. Results
Figure 1 shows radial distribution functions (rdf), g(r), between
OD  HN and OD  N for the DMSO–NMF mixture, and OW  HN
and OW  N for the water–NMF mixture. It is observed that the
pattern of the g(r) peaks is that normally obtained for H-bonded
molecules, i.e., an oxygen–hydrogen correlation with a narrow
peak at short distances, followed by the oxygen–nitrogen correla-
tion around 1 Å apart [46]. That pattern is an immediate conse-
quence of the collinearity of the three atoms involved, a
geometric arrangement normally attributed to H-bonds [46].
However, the amplitudes and the correlation distances of the
corresponding peaks are quite different. The O  HN correlation
show a well deﬁned and narrow peak located at around 1.6 Å in
the NMF–DMSO mixture, while in the NMF–water mixture it is lo-
cated at around 1.9 Å. These data strongly suggests that the O  HN
correlation is much stronger in the NMF–DMSO mixture than in
the NMF–water one. Neutron diffraction with isotopes substitution
studies on the NMF–DMSO mixture previously reported [19],
showed an accentuated S  HN correlation between DMSO and
NMF molecules in the mixture, a clear consequence of the strong
O  HN correlation between the molecules. Thus, assuming that
the correlations shown reﬂect the H-bonding between the mole-
cules, they suggest that the donor H-bonding between NMF and
DMSO is much stronger than between NMF and water. It deserves
to mention that in the NMF–water mixture the NMF is double
H-bonded to water, since both NMF and water are acceptor and
donor H-bonding. Thus, the stabilization of NMF in water is also
inﬂuenced by the acceptor H-bond. However, as it has been re-
ported previously, in water–amides mixtures water molecules
interact more strongly with the carbonyl oxygen atom than with
the amine group hydrogen of the amide [38]. Moreover, previous
studies have reported that the enthalpy of mixing of the NMF–
DMSO mixture is higher than the NMF–water one [47,48]. These
data are consistent with a quite strong NMF–DMSO donor H-bond.
To detail the solute–solvent H-bond in the two mixtures, the
simulation boxes were scanned in order to collect more informa-
tion on the characteristics of that interaction. Thus, Figure 2 shows
the pair energy distribution in the simulation boxes for the
Figure 1. Site-site radial distribution functions for the H-bonded atoms in the
NMF–DMSO (a) and NMF–water (b) mixtures. Line: O(DMSO or water)–H(N);
circles: O(DMSO or water)–N. Inlay (b) shows the geometry of the most frequent
donor H-bonded NMF–water dimer in the mixture (geometric parameters: angles:
(N–H  O(W)) = 178.6o, (H(N)  O(W)–H) = 128.9o, 126.7o; distances:
H(N)  O(W) = 1.82 Å, O(W)  N = 2.78 Å) (These results are in a very good agree-
ment with others reported in the literature – see, for example: [51,52]). The NMF–
DMSO data were obtained from the reference [20] (reprinted with permission,
copyright 2013 American Institute of Physics).
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Figure 2. The pair energy distribution in both liquids (the curves were truncated at
7 for plotting). The NMF–DMSO data were obtained from the reference [20]
(reprinted with permission, copyright 2013 American Institute of Physics).
Figure 3. Average dipole–dipole correlation as a function of the C@(NMF)–
O(DMSO) distance for the NMF–DMSO mixture and C@(NMF)–O(water) distance
for the NMF–water mixture. The NMF–DMSO data were obtained from the
reference [20] (reprinted with permission, copyright 2013 American Institute of
Physics). Inlay with NMF and DMSO molecules indicating their dipole moment
vectors (the methyl hydrogen atoms of DMSO where hidden for simplicity).
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and NMF and water molecules in the other. As is standard in H-
bonded liquids [46], there is a predominant set of pairs with energy
at around zero kcal mol1, common to the two mixtures and a
more negative band, assigned to the H-bonded pairs, whose energy
depends on the intensity of the particular interaction [46].
In line with the aforementioned statements on the strength of
the H-bonds based on the g(r) obtained for both mixtures, the en-
ergy of the NMF–DMSO H-bonded pairs (around 10 kcal mol1) is
signiﬁcantly more negative than the NMF–water ones (around
5 kcal mol1). These results point to that the NMF–DMSO
H-bonded molecules are more stable than the NMF–water ones.
This can be an important aspect behind the behavior of the peptide
bond in each of the solvents, which must impose the main differ-
ences between both solutions. Moreover, it was observed that
the energy distribution of the NMF–DMSO pairs exhibits a shoulder
at around 5.5 kcal mol1, a behavior that was not observed in
other types of H-bonded liquids, as for example pure water [46],
methanol [49] and the NMF itself [50]. This shoulder indicates that
in that region of energies there is a particular type of pairs in the
liquid, important to the stabilization of the molecular interactions.
That interaction has been previously assigned to S–HN correlated
molecules [19]. As showed, the S–HN and S–N correlations present
the same g(r) pattern of the OD–HN and OD–N correlations which
are associated with the H-bonding between NMF and DMSO mol-
ecules [19]. Of course, as NMF and water are donor and acceptor
H-bonds, the pair energy distribution of the H-bonded dimers,
shown in Figure 2, has contributions of two different dimers, which
does not happen with DMSO. Thus, in fact, we are not comparing
exactly the same thing. However, this fact does not invalidate the
discussion since the NMF–DMSO pair energies are much more neg-
ative than the NMF–water ones. On the other hand, on a previous
report has been shown that the g(r) NMF–water donor and accep-
tor H-bond correlations are very similar [37].
Figure 3 shows the dipole–dipole correlation between the NMF
and each solvent in the respective mixture, with <cos h> (where h is
the angle between the vector of the molecular dipole moments of
the two molecules under consideration) plotted as a function of the
distance measured between the molecules (atoms are chosen in
each molecule and the distance is, in fact, measured between these
atoms: the atoms chosen in each case are speciﬁed in the ﬁgure
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Figure 4. Number of neighbors as a function of distance for both simulated
mixtures as obtained from the integration of the O(DMSO or water)–H(N) g(r) curve
of Figure 1. The NMF–DMSO data were obtained from the work published
elsewhere [20] (reprinted with permission, copyright 2013 American Institute of
Physics).
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the inset shows the position of the dipole moment vector on the
NMF (left) and DMSO (right) molecules taking into account the
charge distribution on the molecular sites (water is not shown be-
cause that representation is broadly known in that case).
From the analysis of the ﬁgure one may notice a strong dipolar
correlation for distances of about 3.5 Å in the NMF–DMSO mixture
and for distances about 3.8 Å in the NMF–water case, in line with
the H-bond correlation discussed above. Furthermore, in the ﬁrst
hydration shell the molecules are relatively positioned in such a
way that the angle between the molecular dipole moment vectors
is almost the same for both cases (of about 57 in the NMF–DMSO
mixture and about 54 in the NMF–water one). Thus, at short dis-
tances, the angle between the vectors of the molecular dipole mo-
ment is clearly ﬁxed by the H-bonds between the molecules. At
longer distances the molecular correlation is mostly orientated
for the dipole–dipole interactions. However, according to Figure
3, it may be seen that in the NMF–DMSO mixture the solvation
shell is more structured than in the aqueous one. In the ﬁrst case,
a second well structured solvation shell can also be perceived, with
the dipole moment vectors oriented at 85o. That behavior is
emphasized by the plots of number of neighbors as a function of
the distance presented in Figure 4.
The difference between the organization of the solvation shell
in each case is noticeable. While in the NMF–DMSO mixture the
number of H-bonded molecules per molecule is well deﬁned and
equal to one, in the NMF–water mixture this number is far less de-
ﬁned. The shape of the plateau of the NMF–DMSO correlation al-
lows infer that the NMF–DMSO pairs are quite rigid, the dipoles
are orientated in a well deﬁned way, and the neighbor molecules
around the H-bonded pairs do not perturb the pairs geometry, in
a behavior that contrasts greatly with that observed for the
NMF–water mixture.4. Conclusions
The solvation of N-methylformamide by dimethylsulfoxide and
by water in the liquid mixtures containing 80% of each solvent was
investigated in order to compare the characteristics of the donor
amide H-bond in the aqueous and in the organic medium. The re-
sults indicate the formation of an NMF–DMSO H-bond that is sig-niﬁcantly stronger than the corresponding NMF–water one. The
H  O distance is at around 1.6 Å in the ﬁrst case, while in the sec-
ond one it is at 1.9 Å. The NMF-solvent dimers are much more sta-
ble in the organic mixture than in the aqueous one. The
distribution of the number of neighbors as a function of intermo-
lecular distance in each case and the correlation between the
molecular dipole moment vectors were investigated and the re-
sults agree with a more organized solvation shell in the DMSOmix-
ture when compared to the aqueous one. The analyzed results
show a noticeable agreement with experimental ones reported
previously [14,17,18]. They clearly indicate that in a competitive
water/DMSO environment, the DMSO molecules dislocate the mol-
ecules of water bonded to the amine hydrogen of the amide struc-
ture, as it has been observed experimentally [14,16], promoting de-
hydration and consequent denaturation by favoring exposure of
hydrophobic groups.Acknowledgments
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